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1
MEMS DEVICE AND METHOD OF MAKING
A MEMS DEVICE

TECHNICAL FIELD

The present invention relates generally to MEMS devices
and a method of making a MEMS device.

BACKGROUND

A MEMS (MicroElectrical-Mechanical System) micro-
phone comprises a pressure-sensitive diaphragm disposed in
a silicon chip. The MEMS microphone is sometimes inte-
grated with a preamplifier into a single chip. MEMS micro-
phones may also include an analog-to-digital converter
(ADC) circuit making it a digital MEMS microphone.

SUMMARY OF THE INVENTION

In accordance with an embodiment of the present inven-
tion, a semiconductor device comprises a substrate, a move-
able electrode and a counter electrode, wherein the moveable
electrode and the counter electrode are mechanically con-
nected to the substrate. The movable electrode is configured
to stiffen an inner region of the movable membrane.

In accordance with an embodiment of the present inven-
tion, a MEMS structure comprises a substrate, a moveable
electrode and a first perforated counter electrode, wherein the
movable electrode and the first perforated counter electrode
are mechanically connected to the substrate. The movable
electrode comprises radial corrugation lines in an inner region
and circular corrugation lines in an outer region. The first
perforated counter electrode comprises first ridges.

In accordance with an embodiment of the present inven-
tion, a method of making an electrode of a MEMS device
comprises forming radial openings in a mask layer, the mask
layer disposed over a first sacrificial layer, the radial openings
exposing surface portions of the first sacrificial layer, the
radial openings leading away from a central point of the first
sacrificial layer, forming isolation regions at the exposed
surface portions, and forming a second sacrificial layer over
the first sacrificial layer. The method further comprises form-
ing a conductive layer over the second sacrificial layer,
removing a first portion of the first sacrificial layer forming a
first spacer; and removing a second portion of the second
sacrificial layer forming a second spacer.

In accordance with an embodiment of the present inven-
tion, a method of making an electrode of a MEMS device
comprises forming trenches in a first sacrificial layer, each
trench has substantially the same depth, forming a second
sacrificial layer lining a top surface of the first sacrificial
layer, sidewalls and a bottom surface of the trenches and
forming a conductive material layer over a top surface of the
first sacrificial layer and filling the trenches. The method
further comprises removing a first portion of the first sacrifi-
cial layer forming a first spacer; and removing a second
portion ofthe second sacrificial layer forming a second spacer
thereby exposing the conductive material layer.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof, reference is now made to the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

FIG. 1 shows a cross-sectional view of a conventional
MEMS device;
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2

FIG. 2 shows a cross-sectional view of an embodiment of a
MEMS device;

FIG. 3a shows a top view of an embodiment of a mem-
brane;

FIG. 356 shows a cross-sectional view of the membrane;

FIG. 3¢ shows a top view of an embodiment of a membrane
having a first and a second electrode;

FIG. 4a shows a top view of an embodiment of a backplate;

FIG. 4b shows a cross-sectional view of the backplate;

FIG. 4¢ shows a top view of an embodiment of a backplate
having a first and a second electrode;

FIGS. 5a-5¢g show an embodiment of a method of manu-
facturing smooth groove lines in a membrane;

FIG. 6a-6g show an embodiment of a method of manufac-
turing sharp groove lines in a membrane;

FIG. 7a-7g show an embodiment of a method of manufac-
turing sharp groove lines in a membrane;

FIGS. 8a-8¢ shows an embodiment of a method of making
ridge lines in the backplate;

FIG. 9 shows a perspective view of an embodiment of a
MEMS structure;

FIGS. 10a-10f shows cross-sectional views of embodi-
ments of MEMS structure having a backplate with ridges; and

FIG. 11a-115 shows a top view and a cross-sectional view
of a further embodiment of a membrane.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The making and using of the presently preferred embodi-
ments are discussed in detail below. It should be appreciated,
however, that the present invention provides many applicable
inventive concepts that can be embodied in a wide variety of
specific contexts. The specific embodiments discussed are
merely illustrative of specific ways to make and use the inven-
tion, and do not limit the scope of the invention.

The present invention will be described with respect to
embodiments in a specific context, namely sensors or micro-
phones. The invention may also be applied, however, to other
MEMS structures such as RF MEMS, accelerometers and
actuators.

FIG. 1 shows a conventional MEMS device. The distance
between the membrane 130 and the backplate 150 and there-
fore the mechanical sensitivity is given by mechanical con-
straints and cannot be changed after the fabrication process of
the MEMS structure is finalized. The membrane 130 and the
backplate 150 form a static capacitance along the support
structure (overlap of the membrane 130 and backplate 150
along the spacers). To decrease the static capacitance, the
membrane 130 and the backplate 150 may only partially
overlap. Since the membrane 130 bends uniformly across a
cross-section, different segments of the membrane 130 pro-
vide different capacitance change contributions (different
sizes of capacitances in FIG. 1) to the total capacitance
change to be measured.

A problem with conventional microphones is that the seg-
ment with the largest capacitance change contribution (larg-
est sensitivity contribution amount) is relatively small while
the segment with the smallest capacitance change contribu-
tion (smallest sensitivity contribution amount) is relatively
large.

Therefore, a MEMS structure is needed in the art in which
the segment with the largest capacitance change contribution
is large and the segments with the lower capacitance change
contributions is small.

An embodiment of the invention provides a movable elec-
trode comprising a stiff inner region and a flexible outer
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region. An embodiment of the invention provides a movable
electrode with at least one corrugation line configured to
provide stiffness in the inner region of the movable electrode.
A further embodiment of the invention provides a movable
electrode with at least one corrugation line configured to
provide flexibility in the outer region of the movable elec-
trode. In one embodiment the movable electrode comprises
radial corrugation lines in an inner region and a circumferen-
tial corrugation line in an outer region.

An embodiment of the invention provides an inner region
of' a movable electrode which is substantially parallel to the
counter electrode when deflected. A further embodiment pro-
vides a piston type movement of a membrane in a MEMS
device.

An advantage is that the corrugation lines in the inner
region stiffen the movable electrode against bending while
the corrugation lines in the outer region make the movable
electrode flexible. A further advantage of such an arrange-
ment is that the stiff inner region is large relative to the flexible
outer region. The stiff inner region provides a large capaci-
tance change component.

A further advantage is that the radial corrugation lines and
the circumferential corrugation lines of the movable electrode
can be formed in a single process. A yet another advantage is
that the capacitive change/sensitivity of the MEMS device
can be increased.

FIG. 2 shows a cross sectional view of a MEMS structure
or device 200. The MEMS device 200 comprises a dia-
phragm, membrane or moveable electrode 230, a backplate or
counter electrode 250 and an air gap 260 between the mem-
brane 230 and the backplate 260. The membrane or movable
electrode 230 is configured to move or deflect relative to the
backplate or fixed counter electrode 260. This deflection
results in a capacitance change between the membrane 230
and the backplate 260 which can be measured.

The membrane 230 and the backplate 260 are mechani-
cally connected to a substrate 210 along their circumference.
The membrane 230 is connected to the substrate via a first
spacer 220. Alternatively, the membrane 230 may be arranged
in the main plane of the substrate 210 without a first spacer
220. A second spacer 240 is arranged between the membrane
230 and the backplate 260 along their circumference. The
membrane 230 and the backplate 260 may be circular or
square. Alternatively, the membrane 230 and the backplate
260 may comprise any geometrical suitable form. A back
volume may be arranged between the MEMS structure 200
and a board substrate wherein the board substrate may com-
prise a printed circuit board (PCB).

The substrate 210 may include a bulk mono-crystalline
silicon substrate (or a layer grown thereon or otherwise
formed therein), a layer of {110} silicon on a {100} silicon
wafer, a layer of a silicon-on-insulator (SOI) wafer, or a layer
of a germanium-on-insulator (GeOI) wafer. In various
embodiments, the substrate 210 may include blanket epi-
taxial layers. The substrate 210 may be a silicon wafer, a
germanium wafer, or a compound semiconductor substrate
including indium antimonide, indium arsenide, indium phos-
phide, gallium nitride, gallium arsenide, gallium antimonide,
lead telluride, silicon germanium, silicon carbide or combi-
nations thereof or even glass.

The semiconductor substrate 210 may include active com-
ponents such as transistors, diodes, capacitors, amplifiers,
filters or other electrical devices, or an integrated circuit (IC).
The MEMS structure 200 may be a stand-alone device or may
be integrated with an IC into a single chip.
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The first spacer 220 and the second spacer 240 may com-
prise a dielectric or insulating material such a silicon dioxide,
silicon nitride, a high-k dielectric such as siliconoxynitide or
combinations thereof.

The membrane 230 and the backplate 260 may comprise a
conductive material such as polysilicon, doped polysilicon, a
metal, or combinations thereof or combinations with dielec-
tric layers such as silicon nitride, silicon oxynitride, oxide or
polymeric layers. The backplate 260 may be perforated to
reduce damping effects.

Embodiments of the invention provide a membrane 230
which is more flexible in an outer region 232 and stiffer in an
inner region 234. The membrane 230 may comprise corruga-
tion lines in the inner region 234 and/or corrugation lines in
the outer region 232. For example, the membrane 230 com-
prises radial corrugation lines in the inner region 234 and
circumferential corrugation lines in the outer region 232. The
inner corrugation lines make the membrane 230 stiffer in the
inner region 234 while the outer corrugation lines make the
membrane 230 more flexible in the outer region 232.

Referring now to FIG. 3a which shows a top view of an
embodiment of the circular membrane 230. The corrugation
lines may have atop or a bottom in a different horizontal plane
than a main surface of the membrane 230. The corrugation
lines 236, 238 may be groove lines, indention lines, channels
or recess lines. The corrugation lines 236 may be a single
corrugation line.

The membrane 230 may comprise an inner single corruga-
tion line 236 or a plurality of inner corrugation lines 236. The
inner corrugation lines 236 may be radial corrugation lines.
The plurality of inner corrugation lines 236 may comprise a
star like configuration in one example. Alternatively, the plu-
rality of inner corrugation lines 236 may have any configu-
ration.

The membrane 230 may further comprise an outer corru-
gation line or a plurality of outer corrugation lines 238 in an
outer region 232. The outer corrugation lines 238 in the outer
region 232 may be circumferential to the inner region 234.
For example, the outer corrugation lines may be polygonal,
rectangular or circular. The outer corrugation lines 238 may
comprise the same material and the same width but different
length than the inner corrugation lines 236. The inner region
234 may comprise an area of about 80% of a radial distance
from the center point 239 of the membrane 230 to an edge of
the membrane 230 and the outer region 232 may comprise an
area of about 20% of'the radial distance from the center point
239 of the membrane 230 to the edge of the membrane 230.

FIG. 3b shows a cross sectional view of the membrane
along the line A-A. The corrugation lines 236, 238 serve
different purposes. The inner corrugation lines 236 are con-
figured to make the membrane 230 stiff while the outer cor-
rugation lines 238 are configured to make the membrane 230
flexible. In one embodiment, the inner corrugation lines 236
are arranged different direction than the outer corrugation
lines 238. For example, the inner corrugation lines 236 com-
prise a substantially orthogonal direction to the outer corru-
gation lines 238.

FIG. 3¢ shows a top view of another embodiment of the
membrane 230. The membrane 230 may comprise a plurality
of electrodes. For example, the membrane 230 comprises a
first electrode 231 and a second electrode 233 which are
electrically isolated from each other via an isolation region
237. The inner region 234 of the membrane 230 may com-
prise the second electrode 233 and the outer region 232 ofthe
membrane 230 may comprise the first electrode 231. The
inner region 234 comprising the second electrode 233 may be
stiffened by corrugation lines 236.



US 9,409,763 B2

5

FIG. 4a shows a top view of an embodiment of a circular
backplate 250. Alternatively the backplate 250 may comprise
a rectangular backplate or a backplate having any other suit-
able geometrical form. The backplate 250 may comprise a
single corrugation line or a plurality of corrugation lines 256.
The corrugation lines 256 may have a top or a bottom in a
different horizontal plane than a main surface of the backplate
250. The corrugation lines 256 may be grooves, indention
lines, channels or recess lines. The corrugation lines 256 may
be a single corrugation line. Alternatively, the corrugation
lines 256 may be ridges or fins.

The backplate 20 may comprise a single radial corrugation
line or a plurality of radial corrugation lines 256. The corru-
gation lines 256 may comprise a radial configuration or a
parallel configuration. For example, the plurality of radial
corrugation lines may comprise a star like configuration. The
corrugation lines 256 may be connected to each other. For
example, the two adjacent corrugation lines 256 may be con-
nected via a cross corrugation line 256. In one embodiment
the corrugation lines 256 form a honeycomb configuration.

FIG. 4b shows a cross sectional view of the backplate along
the line B-B. The backplate 250 is arranged that the corruga-
tion lines 256 face away from the substrate 210. Alternatively,
the backplate 250 is arranged so that the corrugation lines 256
face toward the substrate 210. Depending on the embodiment,
a membrane 230 (not shown) may be arranged between the
substrate 210 and the backplate 250 or the backplate 250 may
be arranged between the membrane and the substrate 210.

FIG. 4¢ shows a top view of an embodiment of the back-
plate 250. The backplate 250 may comprise a plurality of
electrodes. For example, the backplate 250 comprises a first
electrode 251 and a second electrode 253 which are electri-
cally isolated from each other by an isolation region 257. The
first electrode 251 may comprise the corrugation lines and/or
the second electrode 253 may comprise the corrugation lines.

The plurality of electrodes of the membrane 230 and the
plurality of electrodes of the backplate 250 may be aligned
and vis-a-vis with each other. For example, the first electrode
231 of the membrane 230 and the first electrode 251 of the
backplate 250 are substantially aligned and the second elec-
trode 232 of the membrane 230 and the second electrode 252
of the backplate 250 are substantially aligned.

FIG. 5a-5¢g show an embodiment of making smooth cor-
rugation lines in a membrane or moveable electrode. The
smooth corrugation lines are formed by forming elongated
isolation regions 520 in a first sacrificial layer 500. The elon-
gated isolation regions 520 may have any pattern. For
example, the elongated isolation regions 520 may extend
radial away from a center point 539 of the membrane in an
inner region. Moreover, the elongated isolation regions 520
may be circumferential in an outer region of the membrane.

FIG. 5a illustrates a masking layer 510 formed over a first
sacrificial layer 500. The first sacrificial layer 500 may be a
substrate as described with respect to FIG. 2 or an isolation
material such as an oxide or a nitride. The masking layer 510
comprises an insulating layer in various embodiments. The
masking layer 510 may be a nitride such as a silicon nitride, an
oxide such as a silicon oxide, or combinations thereof. The
masking layer 510 may be formed by thermal oxidation or
nitridation, or by using vapor deposition processes such as
chemical vapor deposition, or plasma vapor deposition. The
masking layer 510 may have different etch properties than the
first sacrificial layer 500.

In an alternative embodiment, the masking layer 510 com-
prises a pad oxide layer, a polysilicon layer or an amorphous
silicon layer over the pad oxide layer, and a silicon nitride
layer over the polysilicon layer.
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The masking layer 510 is patterned for forming regions of
local isolation regions, which as described further below form
patterns for the corrugation lines of the membrane 530. The
masking layer 510 is patterned, e.g., by depositing a layer of
photosensitive material (not shown) such as a photo resist
over the masking layer 510. The local isolation regions may
be oxide regions or nitride regions.

As nextillustrated in FIG. 55, alocal isolation is performed
to form elongated isolation regions 520. As will be described
further below, the elongated isolation regions 520 define the
structures for the corrugation lines in the membrane. For
example, exposed top surface portions of the first sacrificial
layer 500 are oxidized using a thermal oxidation process to
form oxide regions 520. The masking layer 510 blocks oxi-
dation of the underlying sacrificial layer 500. Therefore, the
oxidation proceeds locally. In one or more embodiments, the
masking layer 510 protects other regions (such as other
device regions) of the sacrificial layer 500 from being oxi-
dized while forming a thick local oxide in exposed portions of
the sacrificial layer 500.

In an alternative embodiment, a smoothing layer may be
deposited over the sacrificial layer 500 before forming the
masking layer 510. The smoothing layer may be formed as a
blanket layer over the sacrificial layer 500 or alternatively,
only in the regions of the MEMS device that is being fabri-
cated. The smoothing layer may be a poly silicon layer in one
embodiment and may result in smoother corners due to
improved stress relaxation during the oxidation process.

Similarly, in an alternative embodiment, the sacrificial
layer 500 may be etched using an anisotropic or isotropic etch
before exposing to the oxidation process. This may allow
tailoring of the lateral profile of the oxide regions 520 formed
under the masking layer 510.

The masking layer 510 is then removed, as illustrated in
FIG. 5¢. Because of the nature of the oxidation process a
portion of the oxide regions 520 protrudes above the top
surface of the sacrificial layer 500. Further, the oxide regions
520 have a smooth interface (silicon/oxide boundary)
because of the oxidation process. Oxidation, unlike deposi-
tion processes, is a diffusion-reaction process involving high
temperatures and relatively slower oxidation rates, which
results in an interface having no sharp edges between the
sacrificial layer 500 and the oxide regions 520. In some
embodiments, further smoothing may be performed, for
example, by the use of additional anneals such as in a hydro-
gen atmosphere. The hydrogen anneal may further smooth
the oxide regions 520 particularly around the corners and
result in a smooth profile as illustrated in FIG. 5¢.

Optionally, in one embodiment the isolation material in the
elongated isolation regions 520 may be removed. The isola-
tion material in the elongated isolation region 520 may be
removed together with the masking layer 510 or may be
removed in an individual etch process 530.

Referring next to FIG. 54, a second sacrificial layer 540 is
deposited over the first sacrificial layer 500. The second sac-
rificial layer 540 is an oxide, such as silicon oxide, or a nitride
such as silicon nitride in one embodiment. Alternatively, the
second sacrificial layer 540 is TEOS or silicon oxynitride.
The second sacrificial layer 540 may be deposited using a
vapor deposition process such as chemical vapor deposition,
or plasma vapor deposition in various embodiments.

Next, as illustrated in FIG. 5e, a conductive layer may be
deposited over the second sacrificial layer 540. The conduc-
tive layer may be a polysilicon, a doped polysilicon, or a
metal.

In a next step, the first sacrificial layer 500 is partially
removed so that a first spacer 505 is formed. Before the first
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sacrificial layer 500 is partially removed a protective layer
may be formed on the conductive layer 550. The protective
layer may comprise silicon nitride or silicon oxide. The par-
tial removal of the first sacrificial layer 500 may be done with
a back side etch process. The first sacrificial layer 500 is
etched until the second sacrificial layer 540 is exposed.

In an embodiment, the first sacrificial layer 500 may be
etched using a Bosch Process, or by depositing a hard mask
layer and etching the first sacrificial layer 500 using a vertical
reactive ion etch. In one embodiment, only a resist mask is
used. If the resist budget is not sufficient, the hard mask and
vertical reactive ion etch may be used to achieve a smooth
sidewall. However, this integration scheme requires the
removal of remaining hard mask residues. Hence, in some
embodiments, a Bosch process may be used without addi-
tional hard mask.

In the Bosch process, an isotropic plasma etch step and
passivation layer deposition step are alternated. The etching/
deposition steps are repeated many times during the Bosch
process. The plasma etch is configured to etch vertically, e.g.,
using Sulfur hexafiuoride [SF6] in the plasma. The passiva-
tion layer is deposited, for example, using octa-fluoro-cy-
clobutane as a source gas. Each individual step may be turned
on for a few seconds or less. The passivation layer protects the
sacrificial layer 500 and prevents further etching. However,
during the plasma etching phase, the directional ions that
bombard the substrate remove the passivation layer at the
bottom of the trench (but not along the sides) and etching
continues. The Bosch process is stopped when the second
sacrificial liner 540 is exposed. The Bosch process may pro-
duce sidewalls that are scalloped.

Finally, in FIG. 5g, the second sacrificial layer 540 is
partially removed 570 so that a second spacer 545 is formed.
FIG. 5g the second sacrificial layer 540 may be removed
together with the optional protective layer using, for example,
a wet etch chemistry. The wet etch stops after the conductive
layer 550 is exposed.

An advantage of this process is that the corrugation lines
can be manufactured in the outer region and the inner region
of the membrane at the same time. The first sacrificial layer
500 may be patterned with the masking layer 510 so that the
inner region of the membrane comprises radial corrugation
lines and so that the outer region of the membrane comprises
circumferential corrugation lines.

This process may also be used to form a backplate or
counter electrode. In this embodiment the radial corrugation
lines may be formed over the entire backplate and no circum-
ferential corrugation lines may be formed.

FIG. 6a-6g show an embodiment of making sharp corru-
gation lines in a membrane or movable electrode. The sharp
corrugation lines a formed by etching recesses 620 in a first
sacrificial layer 600. The recesses 620 may have any pattern.
For example, the recesses may extend radial away from a
center point of the membrane to be formed in an inner region.
Further, the recesses may be circumferential in an outer
region of the membrane. FIG. 64 illustrates a masking layer
610 formed over a first sacrificial layer 600. The materials
involved in the process may be similar to the materials used in
the embodiment shown in FIGS. 5a-5¢. The masking layer
610 may have different etch properties than the first sacrificial
layer 600.

As next illustrated in FIG. 65, recesses or trenches 620 are
etched into the first sacrificial layer 610. The recesses 620
may be structured to define the corrugation lines of the mem-
brane. Alternatively, the areas outside the recesses 620 may
be structured to form the corrugation lines. The recesses are
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etched by applying an anisotropic etch such as a RIE with SF6
gas and continuous polymerisation.

The masking layer 610 is then removed 630, as illustrated
in FIG. 6¢, and a second sacrificial layer 640 is deposited over
the first sacrificial layer 600, as shown in FIG. 6d. The second
sacrificial layer 640 overlies the top surface of the first sacri-
ficial layer 600, the sidewalls of the recesses 620 and the
bottom surfaces of the recesses 620. Next, as illustrated in
FIG. 6e¢, a conductive layer 650 may be deposited. The con-
ductive layer 650 overlies the top surface of the second sac-
rificial layer 640 and completely fills the recesses 620.

In a next step, the first sacrificial layer 600 is partially
removed 660 so that so that the first spacer 605 and an opening
660 are formed. As discussed with regards to FIG. 5f; the first
sacrificial layer 600 is partially removed using a Bosch pro-
cess. Finally, the second sacrificial layer 640 is partially
removed so that the second spacer 645 is formed. The partial
removal of the second sacrificial layer 640 exposes the con-
ductive layer or membrane and the corrugation lines 655
therein.

An advantage of this process is that the corrugation lines
can be manufactured in the outer region and the inner region
of the membrane at the same time. The first sacrificial mate-
rial 600 may be patterned with the masking layer 610 so that
the inner region of the membrane comprises radial corruga-
tion lines and so that the outer region of the membrane com-
prises circumferential corrugation lines.

This process may also be used to form a backplate or
counter electrode. In this embodiment the radial corrugation
lines may be formed over the entire backplate and no circum-
ferential corrugation lines may be formed.

FIG. 7a-7g show another embodiment of making sharp
corrugation lines in a membrane or movable electrode 740.
The sharp corrugation lines a formed by forming mesas or fins
720 in a first sacrificial layer 710. FIG. 7a illustrates forming
a first sacrificial layer 710 over a substrate 700. The first
sacrificial layer 710 may be an oxide or a nitride such as
silicon oxide or silicon nitride. For example, the first sacrifi-
cial layer 710 is TEOS.

The first sacrificial layer 710 is masked 715. The materials
involved in the masking process may be similar to the mate-
rials used in the embodiment shown in FIGS. 5a-5¢. The
mask material of the mask layer 715 may comprise a different
etch selectivity than the first sacrificial layer 710. The mask
715 is used to form the mesas or fins 720. The mesas 720 may
have any pattern. For example, the mesas 720 may extend
radial away from a center point of the membrane in an inner
region. Further, the mesas 720 may be circumferential in an
outer region of the membrane.

Asnextillustrated in FIG. 7¢, the mesas 720 are etched into
the first sacrificial layer 710 almost completely removing the
first sacrificial layer 710. The mesas 720 may be structured to
define the corrugation lines of the membrane 740. The mesas
720 are formed by applying an anisotropic etch such as a RIE
with SF gas and continuous polymerisation. The etch stops
with when the substrate 700 is exposed.

Optionally, the masking layer 715 is then removed over top
surface of the mesas 720 and a second sacrificial layer 730 is
deposited over the substrate 700 and the mesas 720, as illus-
trated in FIG. 7d. The second sacrificial layer 730 may com-
prise the same material as the mesas 720. The second sacri-
ficial layer 730 overlies the top surface and the sidewalls of
the mesas 720. Next, as illustrated in FIG. 7e a conductive
layer 740 may be deposited. The conductive layer 740 over-
lies the top surface of the second sacrificial layer 730 and the
mesas 720.



US 9,409,763 B2

9

In a next step, the substrate 700 is partially removed so that
so that the first spacer 705 and an opening 750 are formed. As
discussed with regards to F1G. 5/, the substrate 700 is partially
removed using a Bosch process. Finally, the second sacrificial
layer 730 is partially and the mesas 720 are completely
removed so that the second spacer 745 is formed. The partial
removal of the second sacrificial layer 730 and the mesas 720
exposes the conductive layer 740 having corrugation lines
therein.

An advantage of this process is that the corrugation lines
can be manufactured in the outer region and the inner region
of'the membrane at the same time. The substrate 700 may be
patterned with the masking layer 710 so that the inner region
of the membrane comprises radial corrugation lines and so
that the outer region of the membrane comprises circumfer-
ential corrugation lines.

This process may also be used to form a backplate or
counter electrode. In this embodiment the radial corrugation
lines may be formed over the entire backplate and no circum-
ferential corrugation lines may be formed.

FIGS. 8a-8¢ shows a method of making a backplate. FIG.
8a illustrates a masking layer 810 formed over a first sacrifi-
cial layer 800. The material in FIGS. 8a-8¢ may comprise
similar materials than the materials described with respect to
FIGS. 5a-5g.

The masking layer 810 is patterned and trenches or
recesses 820 are formed in to the first sacrificial layer 800.
The recesses 820 are formed using an anisotropic etch pro-
cess. The trenches 820 may comprise parallel lines, or parallel
lines wherein neighboring trenches are connected to each
other with at least one connection trench. The connecting
trenches may be placed in equidistant distances from each
other and may be staggered along a single trench 820. In one
embodiment, the trenches 820 may be arranged in a cross-
shape configuration, in a polygonal configuration such as a
hexagonal configuration or a honeycomb configuration. In
yet another embodiment the trenches 820 may be arranged
radial leading away from a central point. The radial trenches
820 may or may not be connected via connecting trenches.
The trenches 820 may be arranged in a star like configuration.

After removing the masking layer 810, the trenches 820 are
partially filled with a second sacrificial layer 830 as shown in
FIG. 8c. The second sacrificial layer 830 may overlie the first
sacrificial layer 800 and the trenches 820 conformal. The
second sacrificial layer 830 may be an insulating material, a
conductive material or a material with an etch selectivity
relative to the first sacrificial layer and the conductive layer
840 deposited on the second sacrificial layer 830.

In a next step, shown in FIG. 84, a conductive material is
deposited over the second sacrificial layer 830. The partially
filled trenches 820 are completely filled with a conductive
material layer 840. The conductive material layer 850 may be
a metal, a polysilicon, a doped polysilicon or combinations
thereof. The conductive material layer 840 is formed in the
trenches and over a top surface of the substrate 800.

Finally, the first sacrificial layer 800 and the second sacri-
ficial layer 830 are partially removed to expose the fin lines,
corrugation lines or ridge lines 845 formed by the trench
pattern 820. The first sacrificial layer 800 and the second
sacrificial layer 830 are removed by an appropriate etching
process, so that a cavity 850 is formed as shown in FIG. 8e.
The first sacrificial layer 800 and the second sacrificial layer
830 may be removed with a single etch process or with two
different etch processes. The first sacrificial layer 800 and the
second sacrificial layer 830 are removed such that a portion of
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the first sacrificial layer 800 forms a first spacer 805 and that
aportion of the second sacrificial layer forms a second spacer
835.

The resulting structure may comprise a backplate or a
counter electrode having fin lines, corrugation lines, or ridge
lines 845. The backplate may comprise parallel lines, or par-
allel lines connected together with connection lines. The con-
necting lines for a single line 845 may be staggered and may
be placed in equidistant distances. In one embodiment, the
lines 845 of the backplate may comprise a cross-shape con-
figuration, a polygonal configuration such as a hexagonal
configuration or a honeycomb configuration. In yet another
embodiment the lines 845 of the backplate have a star like
configuration leading away from a central point of the back-
plate. As a result, the lines may comprise any geometrical
configuration that stabilizes the backplate.

FIG. 9 shows a perspective view of an embodiment of a
MEMS device 900. FIG. 9 shows only /4 of the MEMS device
900. In this particular arrangement the membrane 930 is
disposed above the backplate 950. The membrane 930 is
spaced apart from the substrate 910 by a first isolation spacer
920 and the backplate 950 is spaced apart from the membrane
930 by a second isolation spacer 940. In this embodiment the
corrugation lines 936 in the inner region of the membrane 930
increase the stiffness of the membrane 930 and the corruga-
tion lines 938 in an outer region of the membrane 930 increase
the flexibility of the membrane 930. The corrugation lines
936, 938 may face toward the backplate 950 or may face away
from the backplate 950. The corrugation lines 936, 938 may
be formed according to the embodiments shown in FIGS. 5-7.

The honey comb configuration of fins or ridges 956 in the
backplate 950 increases the stiffness of the backplate 950. As
shown in FIG. 9 the backplate 950 is perforated and com-
prises ridges 956. The honey comp structure is arranged
around the perforation holes 953 so that each honey comp
surrounds one perforation hole 953. Alternatively, the honey
comp structure may have a different configuration, e.g., sur-
rounding two or more than two perforation holes. The ridges
956 may be formed according to the embodiment of FIG. 8.
The MEMS device 900 may comprise the same materials as
described with respect to FIG. 2.

FIGS. 10a-10d show different embodiments of MEMS
devices 1000. FIG. 10a shows a cross sectional view of a
similar embodiment as the embodiment shown in FIG. 9. In
this embodiment the membrane 1030 is arranged above the
backplate 1050. The membrane 1030 is spaced apart from the
backplate 1050 by a second spacer 1040 and the backplate
1050 is spaced apart from the substrate 1010 by a first spacer
1020. The backplate 1050 comprises ridge lines 1055 such as
fin lines or corrugation lines and the membrane 1030 com-
prises corrugation lines 1035 facing away from the backplate
1050. Alternatively, the corrugation lines 1035 of the mem-
brane 1030 face toward the backplate 1050. The membrane
1030 comprises corrugation lines 1035 in the inner region and
the outer region. Alternatively, the membrane 1030 comprises
corrugation lines 1035 only in the inner region but not in the
outer region. The backplate 1050 may comprise any of the
ridge pattern described with respect to FIG. 2.

FIG. 105 shows a cross sectional view of an embodiment
where the membrane 1030 is arranged above the backplate
1050 and the membrane 1030 does not comprise any corru-
gation lines 1035.

In an embodiment the backplate 1050 may comprise a
plurality of first backplate electrodes. For example, the first
backplate 1050 comprises a first backplate electrode which
corresponds to the inner region of the membrane and a second
backplate electrode which corresponds to the outer region of
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the membrane as discussed with respect to FIG. 4¢. The first
and second backplate electrodes may be isolated from each
other. In one example, the ridge lines extend over the entire
first backplate 1050. In one embodiment the second backplate
is a single backplate electrode. Alternatively, the second
backplate electrode comprises a plurality of second backplate
electrodes. The second backplate electrode may comprise a
similar ridge line configuration as the first backplate elec-
trodes or a different corrugation configuration.

FIG. 10c shows a cross sectional view of an embodiment
having two backplates, 1050, 1070. The membrane 1030 is
arranged between the first backplate 1050 and the second
backplate 1070. The second backplate 1070 is spaced apart
from the membrane 1030 by a third spacer 1060. Each of the
two backplates 1050, 1070 comprise ridge lines or corruga-
tion lines 1055, 1075. The ridge line or corrugation line
configuration 1055, 1075 may be the same for the first and
second backplates 1050, 1070. Alternatively, the ridge line or
corrugation line configuration 1055, 1075 for the first and
second backplates 1050, 1060 may be different. For example,
the ridge line configuration 1055 of the first backplate 1050
may be a honeycomb configuration and the ridge line or
corrugation line configuration 1075 of the second backplate
1070 may be a star like configuration. The membrane 1030 in
between the two backplates 1050, 1060 is corrugation line
free. FIG. 104 shows an alternative embodiment where the
membrane 1030 comprises corrugation lines 1035. The mem-
brane 1035 may comprise corrugation lines 1035 in the inner
region but not in the outer region or may comprise corrugation
lines in the inner region and in the outer region. For example,
the membrane 1030 may comprise radial corrugation lines
1035 in the inner region and the circumferential 1035 corru-
gation lines in the outer region.

In an embodiment the first backplate 1050 may comprise a
plurality of first backplate electrodes. For example, the first
backplate 1050 comprises a first backplate electrode which is
aligned to the inner region of the membrane 1030 and a
second backplate electrode which is aligned to the outer
region of the membrane 1030. The first and second backplate
electrodes may be isolated from each other. The ridge lines or
corrugation lines of the first backplate 1050 may extend over
the entire backplate 1050. In one embodiment the second
backplate 1070 is a single backplate electrode. Alternatively,
the second backplate 1070 comprises a plurality of second
backplate electrodes. The second backplate 1070 may com-
prise a similar ridge line or corrugation line configuration as
the first backplate 1050 or a different ridge line or corrugation
configuration.

FIG. 10e shows a cross sectional view of a backplate 1050
arranged above the membrane 1050. The backplate 1050 is
spaced apart from the membrane 1030 by a second spacer
1040 and the membrane 1030 is spaced apart from the sub-
strate 1010 by a first spacer 1020. The backplate 1050 com-
prises ridge lines and the membrane 1030 comprises corru-
gation lines facing away from the backplate 1050.
Alternatively, the corrugation lines of the membrane 1030
face toward the backplate 1050. The membrane 1030 com-
prises corrugation lines in the inner region and the outer
region. Alternatively, the membrane 1030 comprises corru-
gation lines only in the inner region but not in the outer region.
The backplate 1050 may comprise any of the ridge line con-
figuration described previously herein. For example, the
backplate 1050 may comprise a star like configuration.

FIG. 10f'shows a cross sectional view of an embodiment
where the backplate 1050 is arranged above the membrane
1030 and the membrane 1030 does not comprise any corru-
gation lines. The embodiments of the MEMS devices in
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FIGS. 10e and 10f may comprise a plurality of membrane
electrodes and/or a plurality of backplate electrodes.

FIGS. 11a and 115 show a further embodiment of a mem-
brane 1130. The membrane 1130 comprises radial corruga-
tion lines 1135 in an inner region as can be seen in FIG. 11a.

In this embodiment the membrane 1130 may comprise
lateral spring supports 1139 in an outer region of the mem-
brane 1130. The spring support 1139 may be slots or apertures
in the outer rim of the membrane 1139. The apertures or slots
1139 may comprise a meander design or a curved design such
as a quarter of a circular line. Alternatively, the apertures or
slots 1139 may comprise any design. In one embodiment, the
apertures or slots 1139 contribute to a low frequency cutoffof
the transfer characteristics of the MEMS device and therefore
should be small. For example, the cumulated area of the slots
1139 should be less than 5% of the membrane 1130 area or
should be less than 2% of the membrane area. FIG. 115 shows
cross sectional view of them membrane 1130 along the line
C-C showing the a corrugation line 1135 and the spring
support 1139.

Although the present invention and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention as
defined by the appended claims.

Moreover, the scope of the present application is not
intended to be limited to the particular embodiments of the
process, machine, manufacture, composition of matter,
means, methods and steps described in the specification. As
one of ordinary skill in the art will readily appreciate from the
disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or
steps, presently existing or later to be developed, that perform
substantially the same function or achieve substantially the
same result as the corresponding embodiments described
herein may be utilized according to the present invention.
Accordingly, the appended claims are intended to include
within their scope such processes, machines, manufacture,
compositions of matter, means, methods, or steps.

What is claimed is:

1. A method of making an electrode ofa MEMS device, the
method comprising:

forming elongated radial openings in a mask layer, the

mask layer disposed over a first sacrificial layer, the
elongated radial openings exposing first surface portions
of'the first sacrificial layer, the elongated radial openings
leading away from a center point of the first sacrificial
layer;

forming first elongated isolation regions at the exposed first

surface portions;

forming a second sacrificial layer over the first sacrificial

layer;

forming a conductive layer over the second sacrificial

layer;

removing a first portion of the first sacrificial layer forming

a first spacer; and

removing a second portion of the second sacrificial layer

forming a second spacer.

2. The method according to claim 1, wherein forming first
elongated isolation regions comprises oxidizing or nitriding
the exposed first surface portions.

3. The method according to claim 1, further comprising
removing the mask layer and the first elongated isolation
regions before forming the second sacrificial layer.

4. The method according to claim 1, wherein the elongated
radial openings are located in an inner region of the first
sacrificial layer.
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5. The method according to claim 1, further comprising
forming radial openings in an outer region of the first sacri-
ficial layer, wherein the elongated radial openings and the
radial openings all have substantially the same width.

6. The method according to claim 1, further comprising
forming circumferential openings thereby exposing second
surface portions of the first sacrificial layer, and forming
second isolation regions at the second surface portions.

7. The method according to claim 6, wherein the elongated
radial openings are disposed in an inner region of the mask
layer, and wherein the circumferential openings are disposed
in an outer region of the mask layer.

8. A method of making an electrode of a MEMS device, the
method comprising:

forming first elongated isolation regions at a surface of a

first sacrificial layer, wherein the first elongated isola-
tion regions radiate away from a center point of the first
sacrificial layer;

forming a second sacrificial layer over the first sacrificial

layer;

forming a conductive layer over the second sacrificial

layer;

removing a portion of the first sacrificial layer thereby

forming a first spacer; and

removing a portion of the second sacrificial layer thereby

forming a second spacer and thereby exposing a portion
of the conductive layer.
9. The method according to claim 8, wherein the first
elongated isolation regions are disposed in an inner region of
the first sacrificial layer.
10. The method according to claim 9, further comprising
forming second elongated isolation regions in the first sacri-
ficial layer, wherein the second elongated isolation regions
are disposed circumferential to the center point of the first
sacrificial layer.
11. The method according to claim 10, wherein the second
elongated isolation regions are disposed in an outer region of
the first sacrificial layer.
12. The method according to claim 11, further comprising
removing the first and second isolation regions.
13. The method according to claim 12, further comprising
forming the first and second isolation regions by an thermal
oxidation process.
14. The method according to claim 8, wherein removing
the portion of the first sacrificial layer comprises applying a
Bosch process.
15. The method according to claim 8, wherein removing
the portion of the second sacrificial layer comprises applying
a wet chemical etch.
16. The method according to claim 8, wherein the first
sacrificial layer comprises a bulk mono-crystalline silicon
substrate layer, a {110} silicon layer, a {100} silicon layer.
17. The method according to claim 8, wherein the first
sacrificial layer comprises a compound semiconductor sub-
strate.
18. A method of making a MEMS device, the method
comprising:
forming a moveable electrode, wherein the moveable elec-
trode comprises radial corrugation lines radiating away
from a center point of the moveable electrode; and

forming a perforated counter electrode comprising first
ridges, wherein the moveable electrode and the perfo-
rated counter electrode are mechanically supported by a
substrate.

19. The method according to claim 18, wherein moveable
electrode is arranged below the perforated counter electrode
closer to the substrate.
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20. The method according to claim 18, wherein the move-
able electrode comprises a first moveable electrode and a
second moveable electrode, wherein the radial corrugation
lines are disposed in the first electrode.

21. The method according to claim 20, wherein moveable
electrode comprises a radius, wherein the first moveable elec-
trode is defined by about 80% of the radius, and wherein the
second moveable electrode is defined by about 20% of the
radius.

22. The method according to claim 18, wherein forming the
moveable electrode comprises:

forming first elongated isolation regions at a surface of a

first sacrificial layer, wherein the first elongated isola-
tion regions radiate away from a center point of the first
sacrificial layer;

forming a second sacrificial layer over the first sacrificial

layer;

forming a conductive layer over the second sacrificial

layer;

removing a portion of the first sacrificial layer thereby

forming a first spacer; and

removing a portion of the second sacrificial layer thereby

forming a second spacer and thereby exposing a portion
of the conductive layer.
23. The method according to claim 22, wherein forming the
conductive layer over the second sacrificial layer comprises
forming the radial corrugation lines imaging the first elon-
gated isolation regions.
24. The method according to claim 22, further comprising
removing the first elongated isolation regions thereby form-
ing radial corrugation lines in the first sacrificial layer and
wherein forming the conducive layer comprises forming
radial corrugation lines in the moveable electrode.
25. The method according to claim 22, further comprising
forming second elongated isolation regions in the first sacri-
ficial layer, wherein the second elongated isolation regions
are disposed circumferential to the center point of the first
sacrificial layer.
26. The method according to claim 1, further comprising
removing the first elongated isolation regions thereby form-
ing radial corrugation lines in the first sacrificial layer and
wherein forming the conducive layer comprises forming the
radial corrugation lines in the conductive layer.
27. A method of making a movable electrode of a MEMS
device, the method comprising:
forming first elongated isolation regions at an inner region
but not an outer region of a surface of a first sacrificial
layer, wherein the first elongated isolation regions radi-
ate away from a center point of the first sacrificial layer;

removing the first elongated isolation regions thereby
forming radial corrugation lines in the first sacrificial
layer;

forming a second sacrificial layer over the first sacrificial

layer thereby forming the radial corrugation lines in the
second sacrificial layer;

forming a conductive layer over the second sacrificial layer

thereby forming radial corrugation lines in the conduc-
tive layer;

removing a portion of the first sacrificial layer thereby

forming a first spacer; and

removing a portion of the second sacrificial layer thereby

forming a second spacer and thereby exposing the con-
ductive layer and forming the movable electrode.
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